et al.. Pilot-scale study of vertical flow constructed wetland combined with trickling filter and ferric chloride coagulation: influence of irregular operational conditions.
INTRODUCTION
Raw domestic wastewater treatment by vertical flow constructed wetlands (VFCW) has become very well developed in small communities in France (Molle, 2014) . Numerous studies have proven the efficiency of the system in carbon removal and nitrification (Kadlec et al., 2000; Vymazal, 2002; Brix et Arias, 2005; Prochaska et al., 2007; Abou-Elela et al., 2013) . Other authors introduced various alternative compact systems (Heistad et al., 2006; Prigent et al., 2013) or highlighted some limitations of VFCWs such as total nitrogen removal and poor phosphorus removal (Verhoeven and Meuleman, 1999; Prochaska et al., 2007) . These possible limits may be problematic since the release of nitrates and phosphorus into sensitive aquatic ecosystems may promote eutrophication (Schindler, 1977; Lowe et Keenan, 1997; Tiessen, 2008) , and therefore phosphorus (P) and total nitrogen (TN) concentrations in treated effluents must satisfy increasingly low regulatory limits.
In order to improve TN and P removal, various combined processes and tertiary treatments were developed. Hybrid systems combining vertical flow and horizontal flow (HF) constructed wetlands were investigated for TN removal by successive nitrification and denitrification (Vymazal, 2005; Molle et al., 2008) . Good efficiencies were obtained but with increased footprint. Regarding phosphorus removal, most studies investigated systems using various filter media with high phosphorus sorption capacity (Molle et al., 2011; Vohla et al., 2011; Martín et al., 2013) . Although very efficient, these approaches may not systematically provide cheap and durable solutions on a long term.
Alternative approaches were developed by the French company SCIRPE in its AZOE ® processes (EP1857419A1; WO2012150296) which are based on a treatment line which includes a trickling filter as a biological primary treatment and two successive stages of VFCW with adjustable water levels (Kim et al., 2014) . This combination allows to reduce the required surface of VFCW down to a maximum of 1.5 m 2 per Population-Equivalent (PE) as compared to 2 m 2 in the general operational recommendations in France for classical two-stage VFCWs (Molle et al., 2005) . Within the AZOE ® alternatives, AZOE-P ® and AZOE-NP ® include phosphorus treatment by precipitation of dissolved reactive phosphates into particulate forms through ferric chloride (FeCl 3 ) injection into the outlet of the trickling filter. The particulate forms of P are subsequently retained by filtration though the first stage of VFCW. The deposits, which progressively accumulate at the surface of VFCW, were described by Kim et al. (2013b) and are usually removed every 10-15 years as in other classical French VFCWs. Contrary to AZOE-P ® , AZOE-NP ® includes partly saturated VFCWs to improve the total nitrogen (TN) removal. The depth of the saturated zone can be adjusted to optimize TN removal efficiency in AZOE-NP ® . Within each filtration stage, the upper zone is not saturated and therefore aerobic, whereas the lower zone is saturated with anoxic conditions allowing denitrification process to occur.
The overall performances of a full scale AZOE-NP ® treatment plant was previously reported by Kim et al. (2014) , showing very good removal efficiencies of carbon and total nitrogen. However, phosphorus retention was found to be more variable, around 60% of efficiency. In another study, the authors also showed that the variation of pH did not significantly affect phosphorus retention whereas redox potential showed much stronger effects (Kim et al., 2013a; Kim et al., 2015) .
In this study, a pilot-scale AZOE-(N)P ® was implemented to investigate (i) the performances of the trickling filter and ferric chloride injections, particularly in terms of phosphorus retention, (ii) the influence of irregular operational conditions of ferric chloride injections and water saturation levels within the VFCW.
MATERIALS AND METHODS

Description of pilot installation
Pilot-scale unit of AZOE-NP was installed within a greenhouse in Irstea's experimental hall located at La Feyssine in the metropolitan area of Lyon (France). Its schematic representation is shown in Figure 1 . This experimental setup reproduces the operational units of a real-scale AZOE-NP plant but focused only on the first stage of filters as previous field study had shown that P removal mainly occurred within the 1 st stage (Kim et al., 2013a; Kim et al., 2013b; Kim et al., 2014) . The arrow symbolizes the replacement of surface sludge layer with fresh sludge at the beginning of the present study.
The pilot-scale system was designed as a combination of four sub-units as shown in Figure 1 : 1) a feed tank (0.24 m 2 × 0.38 m) used successively to collect the screened wastewaters, feed the trickling filter in a closed loop, process the mixing of ferric chloride, and feed the 1 st VFCW stage,
2) a pilot-scale trickling filter of 0.29 m 3 fully packed with cross flow ordered plastic structure developing a specific surface area of 200 m 2 m -3 ,
3) a dosing pump (DDE, Grundfos) for ferric chloride injection, 4) a pilot-scale VFCW with a surface of 2 m 2 and a depth of 0.7 m equipped with a siphon to adjust the water saturation level.
The VFCW was filled with granular materials taken from a real scale AZOE-NP plant in operation for 8 years in order to start the experiments under mature conditions and thereby avoid phosphorus removal via adsorption onto the filter materials. Four layers were set from the bottom to the top: a 6 cm thick drainage layer made of 20-60 mm pebbles; two intermediate layers (7 cm with 8-16 mm gravels and 20 cm with 4-8 mm gravels) and a 20 cm upper filtration layer made of 2-4 mm gravels. The thickness of each layer was in the proportion of two thirds of the real scale. A layer of 10 cm of fresh surface deposit sludge (sampled from the real-scale plant) was then disposed at the top surface of the VFCW. The characteristics of the sludge deposit were described in a previous study (Kim et al., 2013b) . Finally, 8 young common reeds (Phragmites australis) per square meter were planted in the surface deposit layer in April of year 1 (Figure 1, b) . The rhizomes were collected at the end of the first experimental set (Kim et al., 2015) and used to seed the fresh sludge at the beginning of the present study.
Operational parameters of pilot
The pilot system was fed with real domestic wastewater obtained directly from the nearby wastewater treatment plant of La Feyssine. Wastewater was screened using a 1mm sieve to reduce the risks of clogging of the distribution pipes. The pilot system was then operated automatically as described below.
Sieved wastewater was introduced into the feed tank. The feeding pump was started to feed the trickling filter downward in a closed-loop mode. Large openings in the top and bottom of the trickling filter allowed a good circulation of air though the packing medium. When a predetermined volume (50 L) of wastewater was reached in the pumping tank, the trickling filter's feeding was stopped. The desired volume (7.0 mL) of a 574 g L -1 ferric chloride aqueous solution was then precisely injected into the tank by a dosing pump, corresponding to a total added iron concentration of 0.45 mmol L -1 within the tank. It corresponded to the mean molar Fe/P tot ratio of 2.6 and the mean molar Fe/P-PO 4 of 4.6. The content of the tank was agitated by closed-loop circulation within the tank using the feeding pump (1 m 3 min -1 ). Finally, the entire mixed liquor was spread at the surface of the VFCW pilot using the feeding pump through one feeding pipe positioned in the center of the VFCW pilot surface. Each batch represented loads of 2.8 cm.
Experimental protocol
The whole pilot scale installation was put in operation 9 months before the beginning of this study. 4 months to reach stable biological conditions and 5 months to study the influence of extreme redox potential on Fe-P stability (Kim et al, 2015) . During this 5 months study a continuous feeding of 0.9 m 3 day -1 with a feeding-resting cycles of 1/3 -2/3 of week was implemented to simulate the operational conditions of real-scale systems.
The first part of the study investigated the effect of ferric chloride injection on phosphorus retention. In that purpose, the injection was discontinued over 4 weeks to simulate operational malfunction. This phase was performed when the VFCW pilot was unsaturated (conditions of AZOE-P process). Then the ferric chloride injection was re-established and the pilot was subjected to the second part of the experiment dealing with the influence of three distinct saturation levels on the performance of the system, particularly total nitrogen removal and phosphorus retention. The following conditions were tested: (1) unsaturated phase [0 cm, 6 weeks] corresponding to a free drainage with no effluent resting at the bottom of the filter corresponding to the classical mode of operation of AZOE-P; (2) partly saturated phase [30 cm, 6 weeks] corresponding to the classical mode of operation of AZOE-NP process and (3) partly saturated phase [53 cm, 5 weeks] with the water level just below the sludge layer which might increase water content of the deposit layer by capillarity.
Sampling and analyses
Influent and effluent samples were taken twice a week at the beginning and the end of each feeding period of the VFCW pilot. Samples corresponded to one batch feeding. Four sampling points were monitored, namely: Each sample was immediately divided into two aliquots. The first aliquot was analyzed for total suspended solids (TSS) according to French standard methods (AFNOR, 2005) . The second aliquot of each sample was immediately filtered through 0.45 µm syringe filter (Sartorius Minisart). The filtrate was stored at 4°C for a maximum of 6 h before being analyzed as follows. Dissolved chemical oxygen demand (dCOD) was photometrically determined after sample oxidation with a hot sulfuric solution of potassium dichromate (analogous to standard methods ISO 15705; C4/25 and C3/25 cell tests; WTW). Ammonium and nitrate were analyzed by colorimetric techniques (14739 and 114542 cell tests; WTW). Dissolved reactive phosphorus (DRP) was analyzed by the colorimetric molybdenum blue method (Murphy and Riley, 1962) . Total phosphorus was analyzed by the persulfate digestion followed by the colorimetric molybdenum blue method. Total soluble elemental concentrations (Fe and Mn) were determined by ICP AES (Ultima 2; Horiba JobinYvon SAS) with detection limits of 0.001 and 0.001 mg L -1 , respectively.
RESULTS AND DISCUSSION
Performance of trickling filter pilot and ferric chloride injection
Analytical results obtained from the first three sampling points (Inlet-TF, Outlet-TF and Inlet-VFCW) are shown in Figure 2 . The total number of samples analyzed was 79 and the results are therefore presented as box plots. Significant variations were observed at the inlet (untreated wastewater) for almost all parameters. Mean input-output removal rates for dissolved COD, N-NH 4 + and P-PO 4 3in the trickling filter were 51% (SD: 16), 53% (SD: 23), and 34% (SD: 21), respectively. For dissolved COD, the trickling filter allowed to smooth the relatively high variation of inlet concentrations. The removal of ammonium (N-NH 4 + ) and production of nitrate (N-NO 3 -) indicated its role in the nitrification process. Dissolved P-PO 4 3removal was also observed in the trickling filter although total phosphorus concentration remained almost constant. The dissolved phosphorus retention within this treatment step may partly be attributed to microbial consumptions within the trickling filter, and also to physicochemical sorption onto organic matters and/or residual iron species in the bottom of the pumping station.
Ferric chloride injection showed a good performance in P-PO 4 3removal with an average of 96% (SD: 5). Residual total dissolved iron amounts (Figure 2 : at inlet of VFCW) were only 0.9% of total iron initially added. Almost all dissolved iron was therefore found to react with the reactive species during the treatment, indicating that the dosage of FeCl 3 was not in large excess. Figure 3 shows total and dissolved phosphorus concentrations at three different treatments steps: at outlet of the trickling filter (before FeCl 3 injection), at inlet of the VFCW (after FeCl 3 injection) and at outlet of the VFCW.
Effect of discontinuation of ferric chloride injections on phosphorus retention
As soon as FeCl 3 was discontinued, the dissolved phosphorus concentration at inlet of the VFCW strongly increased. The release of dissolved phosphorus at the outlet of the VFCW increased progressively indicating that the retention of dissolved phosphorus was then much less effective.
As soon as the FeCl 3 injection was re-established, the dissolved phosphorus concentration at inlet of the VFCW dropped near to zero. On the other hand, dissolved phosphorus concentration at the outlet of the VFCW decreased much more slowly underlining the importance of proper maintenances of the FeCl 3 injection to insure good performances. 
Performance of VFCW pilot dependent on the inner water saturation level
Unlike the other treatment steps, the VFCW pilot was subjected to different environmental conditions (water saturation levels) with three different phases according to water saturation level. Inlet and outlet concentrations of SS, dissolved COD, N-NH 4 + , N-NO 3 -, TP, P-PO 4 3-, dissolved total iron (Fe) and total manganese (Mn) are shown in Figure 4 .
Regarding suspended solids (SS), despite high variations of inlet concentration, quite stable and low outlet concentrations were maintained throughout the successive phases of the treatment line. Outlet SS concentrations varied between 17-128 mg L -1 , 2-18 mg L -1 , and 2-31 mg L -1 during the 3 successive phases, respectively. The fact that suspended solids removal was better under partly saturated than unsaturated conditions could be explained by a settling effect within the water saturated zone.
Regarding dissolved COD and ammonium, outlet concentrations varied within similar ranges under unsaturated and partly saturated conditions (8-53 mg L -1 and 0.7-10.1 mg L -1 respectively). On the other hand, during the last phase (water level just below the sludge layer), the outlet concentration of both dissolved COD and ammonium were found to increase, suggesting degradation of some particulate organic matters under anaerobic condition. This observation could indicate that the water saturation level just below the sludge layer was sufficient to induce a malfunctioning of the VFCW system. Two hypotheses might explain this observation: (i) the thickness of deposit layer was enough to efficiently oxidize COD and ammonia under aerobic conditions and/or (ii) capillarity water rise within the sludge layer induced anaerobic conditions in this layer.
Quite high concentrations of nitrates at the beginning of feeding periods were noted. This phenomenon was already explained by a continuous nitrification of ammonium adsorbed onto organic matters during resting period (Morvannou et al., 2014) . At the very beginning of the second phase (partly saturated 30 cm), high concentrations of nitrate were still observed due to the transition time for anoxic condition installation (Kim et al., 2015) in water saturated zone. From the second week of this phase, the inverse phenomenon was observed compare to the unsaturated phase: very low nitrate concentrations were observed at the beginning of feeding periods. This can be explained by the presence of anoxic zone in which the denitrification continued during the resting period. During the last phase, total nitrogen removal was unstable due to the quasi absence of nitrification and the resulting limitation of denitrification.
Finally, dissolved phosphate outlet concentration varied between 0.80-1.78 mg L -1 , 0.97-3.07 mg L -1 , and 0.38-5.22 mg L -1 during the 3 successive phases respectively. The dissolved phosphorus and manganese concentrations increased during the partly saturated phases indicating the reduced condition within the water saturated zone. A previous study (Kim et al., 2015) showed that the redox condition within the VFCW pilot was strongly influenced by its inner water saturation level. When the VFCW was partly saturated, a low range of Eh values (between 0 and -250 mV) were observed at the bottom of the VFCW, whereas high redox potentials remained at the top and the middle of the VFCW. Numerous studies reported the release of phosphorus by the reductive dissolution of P-bearing ferric species (Patrick et Khalid, 1974; Shenker et al., 2005; Moustafa et al., 2012; Hantush et al., 2013) . On the other hand, phosphorus release was not accompanied by a stoichiometric release of iron at the outlet of VFCW pilot. This observation could suggest that the conditions within the filter induced the precipitation of solubilized iron species. For example, the presence of sulfides probably caused FeS formation as already described by other authors (Jakobsen et Postma, 1999; Erler et al., 2011; Chen et al., 2014) . Indeed, due to the anaerobic conditions (Eh near to -250 mV), sulfides were likely produced by sulfate reducing anaerobic bacteria. A principal components analysis (PCA) was performed using the R software in order to compare the VFCW functioning during this study to the previous experimental set performed by Kim et al. (2015) . Ten relevant parameters were selected: redox potential values measured at the bottom, middle and surface of the filter, concentrations of SS, total phosphorus, dissolved COD, ammonium, nitrate, phosphate and iron at the outlet of VFCW pilot. Figure 5 shows a plot of individual data points on the plane represented by the two first principal component axes (accounted for 72% of the inertia). This plot revealed that those two different experimental sets showed similar VFCW functioning for 0cm and 30cm water saturation level. The newly tested water saturation level (53cm) lied between 30cm saturation groups and 70cm saturation group, indicating that this water saturation level induced the intermediate condition. (Kim et al., 2015) ; 2nd set (this study) performed with 0cm, 30cm and 53cm water saturation level within the VFCW pilot.
CONCLUSIONS
This study was conducted at the pilot scale to determine the influence of operational conditions on treatment performances of different configurations of AZOE ® process. FeCl 3 introduced into the outlet effluent of the trickling filter reacted with dissolved P to transform them into particulate forms (coagulation). When the injections were discontinued, the release of dissolved P increased immediately. However when the injections were resumed after 6 weeks of stop, dissolved P outlet concentrations decreased only progressively.
Under unsaturated condition simulating AZOE-P ® configuration in the VFCW pilot, significant nitrification and no denitrification were noted as the VFCW pilot was under aerobic condition. Phosphorus in the outlet effluent was then not entirely under dissolved forms (61% of outlet phosphorus), suggesting migration of the particulate phosphorus species through the VFCW. During second phase representing AZOE-NP ® configuration, very good performances in SS removal and denitrification were observed. Nitrification did not seem to be affected by the unsaturated conditions in the VFCW. On the other hand, phosphorus in the outlet was then almost entirely under dissolved forms (about 92% of total phosphorus), suggesting that the reduction of P-bearing ferric species induced the release of dissolved phosphorus. Finally when the water level in the VFCW pilot was set just under the sludge layer, the performances of the VFCW pilot were altered for almost all parameters.
